Free radicals are produced in all metabolic processes, under the influence of the environment. Healthy human cells, organs and tissues maintain the balance of free radical production and clearance through their own antioxidant defense system with antioxidant enzymes under normal physiological conditions. 
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Therefore, excessive free radicals are cleared to avoid the occurrence of the various chronic diseases which they cause (Chang et al., 2015) . However, when the human body is subject to aging or disease, this balance is destroyed, and excessive accumulation of free radicals results (Pan et al., 2016) . This increase in levels of free radicals can damage the structure of biomolecules, modify their function, disrupt cellular functions and even cause cell death, and also increases health problems such as cancer, arteriosclerosis, aging and cardiovascular diseases (Kehrer et al., 2015) . Therefore, additional antioxidants are needed to eliminate the accumulation of free radicals and reduce the harm caused by free radicals to the human body.
Bioactive peptides have been widely studied in recent years because of their diversity of activity and functionality (Tavano et al., 2018) . Antioxidant peptides are biologically active peptides with a variety of biological effects, the most important of which is antioxidant activity (Sila et al., 2016) . Antioxidant peptides protect the mitochondria and cell structures and maintain their normal functions by removing excess free radicals, inhibiting lipid peroxidation, binding metal ions and providing hydrogen protons (Nimse et al., 2015) . At present, some chemically synthesized antioxidants are toxic and endanger human health. Therefore, the development of safe, healthy and highly effective natural antioxidants has become a hot topic for research (Bougatef et al., 2010) . Protein hydrolysis by protease can release antioxidant peptides, and peptides obtained in this way are safe, non-toxic, and have strong antioxidant activity. This also has broad research potential for biology, medical and food science (Shanmugam et al., 2015) .
The protein content of goat's milk is high, the biological value of which can be as high as 85%. The protein and fat characteristics of goat's milk are closer to human breast milk than cow's milk, which makes it more suitable for people to drink (Atanasova and Ivanova, 2010) . The goat's milk protein clot is fine and soft, containing little or no αS1 casein. Therefore, it is almost free from allergic risks and is conducive to human digestion and absorption. Goat's milk has a higher mineral and vitamin content than cow's milk and is rich in epithelial factors and many other active factors. (Ahmed et al., 2010; Gobba et al., 2014) . Bioactive peptides derived from cow's milk have been widely studied, but the study of peptides from goat's milk is still limited.
In this paper, the effect of several factors (temperature, pH, E/S ratio, substrate concentration, the ratio of compound protease and time) on the anti-oxidative activity and degree of hydrolysis (DH) in goat's milk casein after hydrolysis by compound enzymes was studied by a single factor. Furthermore, screening the main factors affecting the antioxidant peptides from goat's milk casein with compound enzyme hydrolysis by Plackett-Burman design was carried out, and could provide the basis for further research.
MATERIAL AND METHODS

Materials.
Goat's milk powder was supplied from Xi'an Baiyue Goat Milk Corp., Ltd. (Shaanxi, China). Alcalase, papain, DPPH, 3-(2-pyridyl)-5,6-bis (4-phenylsulphonic acid)-1,2,4-triazine (ferrozine) and Tris--HCl were purchased form Sigma-Aldrich (St. Louis, MO, USA) and all other reagents used in this study were analytical grade chemicals.
Preparation of goat's milk casein. Goat's milk powder was mixed with distilled water in the proportion 1:8 (w/v), and then remove fat from the milk by centrifuging at 5000 r/min for 15 min. Then the skimmed goat's milk was placed in a water bath heated to a constant temperature of 45°C, then adjusted to pH 4.6, using 1 mol/L HCl added by drops to cause the goat's milk casein to form a precipitate. The goat's milk casein was separated by centrifugation at 6500 r/min for 15 min. The supernatant was discarded, then the goat's milk casein precipitate was freeze-dried.
Preparation of enzymatic hydrolysates. Frozen casein was mixed with distilled water at a ratio of 2:100 (w/v) with a compound enzyme/substrate ratio of 1:100 (w/w). The hydrolysis temperature and pH were adjusted to the optimal values of 55°C and 7.5 respectively. During the reaction, the hydrolysis pH was maintained at the prescribed value by adding 0.1 M sodium hydroxide continuously at regular time intervals and a 4 ml sample was obtained. Then, hydrolysis was terminated by heating the mixture in a 95°C water bath for 15 minutes to ensure that the enzyme was denatured. The pH was adjusted to 4.0 and the hydrolysate was centrifuged at 6500 r/min for 15 minutes, and the supernatant was collected. Then, having adjusted the pH to 8.0, the hydrolysate was centrifuged at 6500 r/min for 15 minutes again and the supernatant was obtained to determine anti-oxidative activity by UV spectrophotometer.
Measurement of protein hydrolysis. The pH-State (Adler-Nissen, 1986) method was used to determine the degree of protein hydrolysis. In the casein hydrolysis process, the hydrolysis pH was maintained by adding 0.1 M NaOH continuously to obtain the specified value. Alkali consumption was recorded every 30 minutes for 6 hours. The DH of the protein was calculated according to following equation:
where:
B -the volume of NaOH, mL, M b -the concentration of 0.1 M NaOH, α -the degree of dissociation of α-amino (α = 0.44), M p -the quality of protein, h tot -the total number of peptide bonds in proteins is 8.2 mmol/g.
Measurement of DPPH radical scavenging activity. DPPH free radical scavenging activity was determined according to the method of (Wu et al., 2003) . 2 ml of the hydrolysate sample was mixed with 2 ml of 0.1 mM DPPH in 95% ethanol. The mixture was shaken well and reacted at room temperature for 30 minutes. Then, absorbance was measured under a wavelength of 517 nm. The DPPH radical scavenging activity was calculated by the following equation:
where: A 1 -the absorbance of DPPH solution by the sample, A 0 -the absorbance of DPPH-ethanol solution by the control, A 2 -the absorbance of the sample added to 95% ethanol without DPPH solution.
Determination of metal-chelating activity. The method of (Decker and Welch, 1990 ) was used to determine the ability of chelating pro-oxidative Fe 2+ of casein hydrolysates. 1 mL of hydrolysate sample was mixed with 3.7 mL of distilled water in a tube, and 0.1 mL of 2 mM FeCl 2 solution and 0.2 mL of 5 mM ferrozine solution were added in sequence. The mixture was thoroughly mixed and reacted at room temperature for 20 minutes. Then, measured the absorbance at 562 nm. Chelating activity was determined by the following equation:
A 1 -the absorbance of the sample, A 2 -the absorbance of the control (distilled water).
Determination of superoxide radical scavenging activity. The method of (Marklund and Marklund, 1974) was applied to determine superoxide radical scavenging activity. 0.2 mL of the hydrolysate sample was mixed with 5.7 mL of 50 mM Tris-HCl-EDTA buffer (pH = 8.2, EDTA concentration of 1 mM) in a tube. Next, 0.1 mL of 5 mM pyrogallol was added to the mixtures and mixed quickly. Then, the mixtures were measured at the absorbance of 325 nm and the mixtures recorded every 30 s. The reaction was complete after 5 min. The capability for scavenging superoxide anion radicals was quantified according to the following equation:
A 1 /min -the absorbance per minute of the control solution containing pyrogallol and a buffer, A 2 /min -the absorbance per minute of the sample. Plackett-Burman design. A Plackett-Burman design was used to evaluate the effects of the six factors (temperature, pH, substrate concentration, E/S, ratio of compound protease and time) on DPPH free radical scavenging rate, chelated iron ion capacity and superoxide anion clearance rate. Each factor was fixed at two levels based on the results of the single-factor experiments; the higher level was 1.25 times the lower level. 
RESULTS AND DISCUSSION
Effect of temperature on the degree of hydrolysis of goat's milk casein and evaluation of antioxidant activity The selected substrate concentration was 2%, the ratio of compound protease (E Alcalase /E papain ) was 1:1, E/S was 1%, pH = 7, under the condition of enzymatic hydrolysis degree of 2.5 h, the result was shown in Figure 1 . As can be seen from Figure 1 , DH increased with rising temperature, reached a maximum value of 15.09% at 55°C, then decreased as temperature increased further. DPPH radical scavenging activity, Fe 2+ chelation activity and superoxide radical scavenging activity also reached their maximum values at 55°C, which were 63.69%, 90.84% and 45.06% respectively.
According to Zhong et al. (2009) , the optimum temperature for papain hydrolysis of soybean protein was 55°C, because the enzyme was more stable in the range of 50-60°C. When the temperature reached at 60°C, enzyme activity fell. High temperatures can destroy the structure of the enzyme, making it inactive, and thus antioxidant activity will decrease (Daniel et al., 2008) . The optimum temperature for hydrolysis of the single protease Alcalase was also 55°C (Shu et al., 2016) , which indicated that, at this temperature, it had the highest ability to degrade casein in goat's milk, and that the antioxidant activity of peptides hydrolyzed by compound protease was relatively high. Therefore, 55°C was chosen as the optimum hydrolysis temperature.
Effect of pH on the degree of hydrolysis of goat's milk casein and evaluation of antioxidant activity
The selected concentration of substrate was 2%, E Alcalase /E papain was 1:1, E/S was 1%, temperature was 55°C, and the hydrolysis time was 2.5 h. The results are shown in Figure 2 .
In the process of enzymatic hydrolysis, pH was one of the most important factors in determining the activity of the enzyme (Teng et al., 2011) . Enzyme activity affects the degree of enzymatic hydrolysis in a strongly acidic or alkaline environment.
It can be seen from Figure 2 that the maximum value of DH was 16.59% at pH 7.5, and then this value decreased as the pH increased. DPPH radical scavenging activity, Fe 2+ chelation activity and superoxide radical scavenging activity reached their maximum values at pH 7.5, which were 64.98%, 93.71%, and 45.24% respectively.
The maximum value of casein hydrolyzed by single enzyme Alclases was found at pH 8.9 (Shu et al., Effect of temperature on anti-oxidative activity Shu, G., Mei, S., Zhang, Q., Xin, N., Chen, H. (2018) . Application of the Plackett-Burman design to determine the main factors affecting the anti-oxidative activity of goat's milk casein hydrolyzed by Alcalase and papain. Acta Sci. Pol. 
2017
). This was because the optimum range of Alcalase was probably between 7 and 9 and the optimum pH value of papain was between 6 and 8 (Bezerra et al., 2013) . When pH = 7.5, the substrate bonded strongly with the two proteases, at the same time, the optimum pH conditions of the two proteases was not exceeded. Therefore, pH 7.5 was the optimum condition, which was not only favorable for hydrolysis, but also promoted high levels of activity of antioxidant peptides.
Effect of substrate concentration on the degree of hydrolysis of goat's milk casein and evaluation of antioxidant activity The selected temperature was 55°C, E/S was 1%, pH = 7.5, E Alcalase /E papain was 1:1, the time was 2.5 h. The results are shown in Figure 3 .
From the results shown in Figure 3 , it can be stated that DPPH radical scavenging activity, the capacity of Fe 2+ chelation activity ions, superoxide radical scavenging activity and DH were basically the same, with maximum values at a substrate concentration of 3%, which were 66.74%, 92.07% and 47.21% respectively.
When the substrate concentration was less than 3%, the activity of anti-oxidative peptides increased rapidly with increasing substrate concentration, which is in accordance with the Michaelis-Menten equation (Gooch et al., 2011) . Then, the activity of anti-oxidative activity began to decrease in the enzymatic hydrolysate as the substrate concentration further increased.
Because excessive substrate concentration was not beneficial to the full dispersion of protein, it reduced the opportunity for the enzyme to contact with substrate. Otherwise, excessive substrate concentration would reduce water activity and inhibit enzyme activity (Luo et al., 2011) . The concentration of substrate within a certain range did not only have advantages for the hydrolysis reaction, but was also conducive to the production of antioxidant peptides. Therefore, a substrate concentration of 3% was selected.
Effect of E/S ratio on the degree of hydrolysis of goat's milk casein and evaluation of antioxidant activity
The selected temperature was 55°C, the concentration of substrate was 3%, pH = 7.5, E Alcalase /E papain was 1:1, the hydrolysis time was 2.5 h and the E/S varied as shown in Figure 4 .
As can be seen from the results in Figure 4 , as E/S increased, the initial reaction rate of the system was fast, so most of the protein degraded into a peptide in a short period of time. When the level of protein was reduced to a certain level, the probability of the enzyme interacting with the protein was greatly reduced. Therefore, the increase in DH became steadier. Because at this time the substrate of protease was a peptide, the hydrolytic peptide also caused a slow increase in hydrolysis, but this increase was very small (Fereidoon et al., 2007) . The antioxidant activity began to 
Fig. 3. Effect of substrate concentration on antioxidant activity
Shu, G., Mei, S., Zhang, Q., Xin, N., Chen, H. (2018) . Application of the Plackett-Burman design to determine the main factors affecting the anti-oxidative activity of goat's milk casein hydrolyzed by Alcalase and papain. Acta Sci. Pol. gradually increase with the amount of enzyme added, but when the amount of enzyme addition reached a certain level, it decreased. When the E/S was 4%, DPPH free radical scavenging rate and superoxide radical scavenging activity reached a maximum of 69.07% and 47.25% respectively. Chelating iron ion ability reached a maximum value of 91.39% at an E/S of 3%. Therefore, the optimum condition for enzyme addition was 4%.
Effect of the ratio of compound protease on the degree of hydrolysis of goat's milk casein and evaluation of antioxidant activity
The selected temperature was 55°C, the concentration of substrate was 3%, pH = 7.5, the E/S was 4%. The time was 2.5 h and the ratio of compound protease varied as shown in Figure 5 . From Figure 5 , it can be demonstrated that when E Alcalase /E papain was 1:3, antioxidant activity reached its maximum value, which indicated that, in the process of hydrolysis of the complex enzyme, more papain can increase the DH of the enzymatic hydrolysate and produce more polypeptides with antioxidant activity. However, if the content of papain is too high, the substrate is excessively digested. If the polypeptide with antioxidant activity is digested into a short peptide, it loses its antioxidant activity (Waglay and Karboune, 2016) .
Compared to the results of Shu et al. (2015) , the degree of hydrolysis of complex proteases is higher than single proteases. This was because different enzymes have different cleavage sites during enzymatic hydrolysis, and the ability of a single enzyme to hydrolyze is limited. Therefore, different enzymes can complement each other in the process of complex enzyme hydrolysis and create conditions more favorable to the production of antioxidant peptides (Tavano et al., 2013) .
Effect of time on the degree of hydrolysis of goat's milk casein and evaluation of antioxidant activity
The selected temperature was 55°C, the concentration of substrate was 3%, pH = 7.5, E Alcalase /E papain was 1:3, the E/S was 4%. The results are shown in Figure 6 .
As can be seen from Figure 6 , at first, the DH increased as time increased. When a certain time was reached, the increase in DH slowed. DPPH radical scavenging activity and superoxide radical scavenging activity were maximized at 180 min and the values were 72.23% and 52.88% respectively. Fe 2+ chelation activity achieved a maximum value of 91.24% at 150 min.
It may be that, as the duration of enzymatic hydrolysis increased and DH gradually increased, antioxidant peptides were hydrolyzed excessively, which increased the content of short peptides and amino acids in the solution and had an inhibitory effect, which led to a decreasing rate of DPPH radical scavenging. Shu, G., Mei, S., Zhang, Q., Xin, N., Chen, H. (2018) . Application of the Plackett-Burman design to determine the main factors affecting the anti-oxidative activity of goat's milk casein hydrolyzed by Alcalase and papain. Acta Sci. Pol. Technol. Aliment., 17(3), 257-266. http://dx.doi.org/10.17306/J.AFS.2018.0580
www.food.actapol.net/ After this, the quantity of short peptides in the solution did not change rapidly, which made the DH change stable (Zhang et al., 2012) . Therefore, considering the results of the experiment, 180 min was selected as the optimum hydrolysis time.
Plackett-Burman design for determining the main factors
According to the previous results, the Plackett-Burman design and results are shown in Table 2 . The R 1 (%) represents DPPH radical-scavenging activity, R 2 (%) represents Fe 2+ chelation activity and R 3 (%) represents superoxide radical scavenging activity.
According to the data presented in Table 3 , analysis of variance, a p-value of 0.0223 showed that the model was significant. In the ANOVA, a p-value less than 0.0500 indicated that the results were significant. In the analysis of these 5 factors, the p-value of temperature (A), the E/S (E) and the ratio of compound protease (F) were 0.011, 0.014 and 0.0176 respectively, indicating that these factors had a great influence on DPPH radical-scavenging activity in the experiment. The relative importance of the variables on the free radical scavenging rate of DPPH was as follows: A > E > F > G > B > C. Therefore temperature (A), the E/S ratio (E) and ratio of compound protease (F) had a significant effect on DPPH radical scavenging activity (R 1 ).
From Table 4 , the model can be shown to be significant by the p-value of 0.0262. Analysis of these factors found that the relative importance of the variables was as follows: G > A > E > F > B > C. Among the above factors, time (G) (p = 0.146), temperature (A) (p = 0.0186), and the E/S ratio (E) (p = 0.0189) were significant, indicating that these three factors had a greater influence on the Fe 2+ chelation activity in the experiment (R 2 ).
From Table 5 , the square sum of the model was 108.17 and the p-value was 0.0070, which demonstrates that the experimental model was significant. At the same time, time (G) (p = 0.0032), ratio of compound protease (F) (p = 0.0069) and substrate concentration (E) (p = 0.0046) were all less than 0.011, showing that these were very significant factors. Therefore, Through the analysis of variance of the three response values, the three most significant factors in DPPH radical scavenging activity were temperature, E/S and the ratio of compound protease. The three most significant factors affecting Fe 2+ chelation activity were time, temperature and E/S. The most significant three factors for superoxide radical scavenging activity were time, ratio of compound protease and substrate concentration. It can be seen from the experimental results that the capacity to chelate iron already very high, it was difficult to optimize. According to the result of the single-factor experiment and the P-B design, the optimized space of the superoxide radical scavenging activity is smaller than the DPPH radical-scavenging activity. So, the main result of this experiment was to improve DPPH radical-scavenging activity. The results of Fe 2+ chelation activity and superoxide radical scavenging activity were supplemented by follow-up optimization. Therefore, based on the results of the above analysis, temperature, E/S, and the ratio of compound protease have the effect of enhancing anti-oxidative activity and are selected as the main factors for further testing.
DPPH is a stable free radical, and the DPPH radicalscavenging activity is currently considered one of the important indicators of whether a given compound has antioxidant capacity (Centenaro et al., 2011) . Guerard et al. (2007) optimized free radical scavenging activity by response surface methodology through three variables; pH, temperature and E/S. Thus, it is necessary to optimize the production of anti-oxidative peptides by the compound protease hydrolysis of goat's milk casein. In the present study, the results showed that temperature, E/S and the ratio of compound protease had positive effects on antioxidant activity.
CONCLUSION
In this study, the effects of temperature, pH, substrate concentration, E/S, ratio of compound protease, and hydrolysis time on the anti-oxidative activity of hydrolysates from goat's milk casein by compound protease were researched. Single factor analysis and Plackett--Burman designed tested for the most significant Shu, G., Mei, S., Zhang, Q., Xin, N., Chen, H. (2018) . Application of the Plackett-Burman design to determine the main factors affecting the anti-oxidative activity of goat's milk casein hydrolyzed by Alcalase and papain. Acta Sci. Pol. factors affecting the preparation of anti-oxidative peptides by hydrolysis of goat's milk casein with compound protease. The results showed that temperature, E/S and compound protease ratio had significant effects on the enhancement of anti-oxidative activity.
